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SYNCHRONIZATION OF A DIGITAL
CIRCUIT

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This Utility Patent Application claims priority to German
Patent Application No. DE 10 2005 061 947.9 filed on Dec.
23, 2005, which 1s incorporated herein by reference.

BACKGROUND

Parallel high-speed interfaces have strictly defined relative
timing of their signals. This means that all data signals and
associated clock (timing) signals (insofar as they exist) lie or
are synchronized within a certain time window in order to
ensure a correct acquisition of all data signals. Depending on
this time window, which 1s defined for example by standard-
1zation or customer needs, the physical distribution of signals
relevant as regards the timing 1s a dominating factor in main-
taining the conditions of the time window and the synchro-
nization conditions. At the same time, the timing definitions
with regard to the time window may be negatively influenced
if the corresponding signals pass through circuit blocks that
influence the timing of the signals. Also, vanations 1n the
method for producing the high-speed interface, in which diif-
ferent sites of the high-speed interface may be variously
alfected, can further complicate the timing definitions with
regard to synchronization of the signals to be made available
by the high-speed interface.

Accordingly, expensive measuring devices are typically
used 1n order to synchronize the signals of a parallel high-
speed nterface. Since the use of these measuring devices 1s
not practicable on account of their mass production costs, 1t 1s
customary to restrict a maximum data rate of a parallel high-
speed 1nterface so that the signals of the parallel high-speed
interface can be transmitted correctly (i.e., without a mis-
alignment between the signals leading to errors). In other
words, 1t 1s normal practice to reduce the clock rate of a
parallel high-speed interface until no errors with regards to
the synchronization of 1its signals occur, and instead of
improving the synchronization of the signals. This reduction
of the clock rate obviously has a negative effect 1n terms of a
lower overall throughput of a digital circuit that includes such
a parallel high-speed interface.

For these and other reasons there 1s a need for the present
invention.

SUMMARY

One embodiment provides a method of synchronization of
a digital circuit. The method includes selecting a first site and
a second site from a plurality of different sites of the digital
circuit where a signal to be synchronized occurs. The method
includes passing a first signal, which 1s the signal to be syn-
chronized of the first site, via a first line that starts at the first
site, ends at the second site, and contacts each of the sites just
once, to the second site. The method includes passing a sec-
ond signal, which 1s the signal to be synchronized of the
second site, via a second line that starts at the second site, ends
at the first site, and contacts each of the sites just once, to the
first site. The method includes determining, for each site, a
first phase shiit between the signal to be synchronized of this
site and the first signal, and a second phase shift between the
signal to be synchronized of this site and the second signal;
and determining, from the first and second phase shifts of

10

15

20

25

30

35

40

2

cach site, a delay for each site, with which the signal to be
synchronized of the respective site 1s delayed for the synchro-
nization.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the present invention and are incor-
porated in and constitute a part of this specification. The
drawings illustrate the embodiments of the present invention
and together with the description serve to explain the prin-
ciples of the invention. Other embodiments of the present
invention and many of the intended advantages of the present
invention will be readily appreciated as they become better
understood by reference to the following detailed description.
The elements of the drawings are not necessarily to scale
relative to each other. Like reference numerals designate cor-
responding similar parts.

FIG. 11llustrates an embodiment of an apparatus according,
to the 1nvention.

FIG. 2a 1llustrates a first detector device at a {first site.

FI1G. 26 1llustrates a second detector device at a second site.

FIG. 3a 1llustrates a positive second phase shiit at the first
site

FIG. 3b illustrates a negative second phase shiit at the first
site.

FI1G. 4a 1llustrates a first signal at the first site and a second
signal at the second site before a synchronization.

FIG. 4b represents the first signal at the first site and the
second signal at the second site after a synchromization
according to one embodiment.

FIG. 5 illustrates a first detector device and a second detec-
tor device at a third site.

FIG. 6 illustrates a synchronization of an 1th signal.

FIG. 7a 1llustrates five signals at five different sites before
a synchronization.

FIG. 7b illustrates the five signals at the five different sites
alter a synchronization according to one embodiment.

FIG. 8 illustrates an apparatus according to one embodi-
ment with a controller for synchronizing a digital circuit.

FIG. 9 illustrates a digital circuit according to one embodi-
ment.

FIG. 10 1llustrates an automatic apparatus according to the
invention for the synchronization of digital circuits according
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DETAILED DESCRIPTION

In the following Detailed Description, reference 1s made to
the accompanying drawings, which form a part hereof, and in
which 1s 1llustrated by way of 1illustration specific embodi-
ments 1n which the invention may be practiced. In this regard,
directional terminology, such as “top,” “bottom,” *“front,”
“back,” “leading,” “trailing,” etc., 1s used with reference to the
orientation of the Figure(s) being described. Because com-
ponents ol embodiments of the present invention can be posi-
tioned 1n a number of different orientations, the directional
terminology 1s used for purposes of illustration and 1s 1 no
way limiting. It 1s to be understood that other embodiments
may be utilized and structural or logical changes may be made
without departing from the scope of the present invention.
The following detailed description, therefore, 1s not to be
taken 1n a limiting sense, and the scope of the present inven-
tion 1s defined by the appended claims.

Embodiments relate to a synchromization method as well as
to a correspondingly configured apparatus and a digital cir-
cuit and also an automatic apparatus for the synchronization
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of a digital circuit. One embodiment of a digital circuit 1s
designed to either synchronize 1itself with a synchronization
method according embodiment, or be synchromized, for
example by an automatic apparatus embodiment via the syn-
chronization method embodiment.

One embodiment of a synchronization method synchro-
nizes signals of, for example, a parallel high-speed interface.
One embodiment, of a digital circuit comprises a parallel
high-speed interface and the signals of the parallel high-speed
interface can be synchronized.

One embodiment of a synchronization method for a digital
circuit wherein signals to be synchronized occur at a plurality
of different sites or locations of the digital circuit. A signal to
be synchronized 1s present at each of these several sites.
According to this embodiment, of the plurality of sites a first
site and a second site are defined. A path 1s then defined,
which starts at the first site, ends at the second site, and
touches each of the sites just once. A first signal, which 1s the
signal to be synchronized of the first site, 1s passed via a first
line, which begins at the first site, runs along the path and ends
at the second site, to the second site. In a stmilar way, a second
signal, which 1s the signal to be synchronized of the second
site, 1s passed via a second line, which begins at the second
site, ends at the first site and 1s guided along the path, to the
first site. At each site a first phase shift between the signal to
be synchronized of this site and the first signal, and a second
phase shiit between the signal to be synchronized of this site
and the second signal, 1s measured. On the basis of this first
and second phase shift for each site an individual delay 1s then
determined for each site. When the signal to be synchronized
of the respective site 1s delayed with the corresponding indi-
vidual delay of this site, the signals at the plurality of sites are
synchronized.

In one embodiment, two or more signals may be synchro-
nized with respect to one another at corresponding sites it
they exhibit their upward slope and downward slope at the
same point 1n time at the corresponding sites.

The method according to one embodiment operates better
the more closely arunning time of the first signal from the first
site to the second site coincides with a running time of the
second signal from the second site to the first site. Accord-
ingly, in one embodiment it 1s advantageous 1 the first line
and the second line run as close to one another as possible, so
that the running times of the signals running on the first and
second lines (first and second signals) are as identical as
possible.

A site or location may in this context be understood to
denote a circuit point or a narrowly defined space, the tra-
versal of which by a signal of the digital circuit for example
takes less than 1 ps. However, other definitions are possible as
well depending on the respective application.

In one embodiment, the first and the second site basically
form an exception, in that at the first site only the second
phase shiit between the first and the second signals needs to
be formed, and at the second site only the first phase shift
between the first and the second signals needs to be formed.
This 1s based on the fact that at the first site the signal to be
synchronized 1s the first signal, so that a phase shiit between
the signal to be synchronized and the first signal would be
equal to a phase shift between the first signal and the first
signal, which by defimition 1s always zero, with a result that
the calculation of this first phase shift at the first site provides
no additional information. The same 1s also true with regards
to the second site.

Since, according to one embodiment, at two sites at which
a signal to be synchronized 1s present, one phase shift is
determined 1n each case, and at the remaining sites at which a
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signal to be synchronized 1s present two phase shifts are
determined, then all signals to be synchronized can be syn-
chronized, as 1s also demonstrated below.

According to another embodiment, the first signal at the
first site can be synchronized with the second signal at the
second site 1f only the second phase shift x, , at the first site
and the first phase shift x, , at the second site are determined.
In one embodiment, 1t 1s assumed that the running time of the
first signal up to the first site 1s T, and that the running time of
the second signal up to the second site 1s T,. It 1s furthermore
assumed that the running time of the first signal from the first
site via the first line to the second site 1s 1) ,, and that the
running time of the second signal from the second site via the
second line up to the first site 1s T, ;. Thus, the followin
equations are valid for the first phase shiit at the second site
X, » and for the second phase shift at the first site x, ;.

In the index of the phase shiit x the first value indicates
whether the first (1) or second (2) phase shift 1s involved, and
the second value indicates the site at which the phase shift

occurs. The phase shitt x, ; thus indicates the second phase

shift at the first site.

IE?IZTI_(TE'FTE?I) (1)

xl,zsz—(TﬁTl,,z) (2)

The second phase shift x, , at the first site 1s therefore
positive so long as the running time T, of the first signal up to
the first site 1s longer than the sum of the running time T, of
the second signal up to the second site and the running time
T, , ot the second signal from the second site to the first site.
Similarly, the first phase shift x, , at the second site 1s positive
so long as the running time T, of the second signal up to the
second site 1s longer than the sum of the running time T, of the
first signal up to the first site and the running time T, , of the
first signal from the first site to the second site.

Subtracting the first phase shift x, , at the second site from
the second phase shift x, , at the first site gives the following
result:

xE,l_xl.,.E:TI_TE_TE?I_TE'FTI'FTIQ

(3)

Assuming that the running time T, , of the first signal via
the first line to within an error € 1s equal to the running time
T, ; ot the second signal via the second line, then:

T2?1:T1?2+E

(4)

If one 1gnores the error €, then the following result 1s
obtained by combining equation (3) with equation (4):

(3)

Thus, the following 1s found for the phase shift between the
first signal at the first site and the second signal at the second
site, this phase shiit being equal to a runming time difference
between the running time T, of the first signal up to the first
site and the running time T, of the second signal up to the
second site:

-"?2?1—371?2:23*"(?1—?2)

X21 —A12

(6)

h -1, =

Thus, according to this embodiment the first signal can be
synchronized with the second signal 1f the second signal 1s
delayed according to the above equation (6) with a delay that
1s equal to half the difference of the second phase shiit at the
first site and the first phase shiit at the second site. In the same
way, according to equation (6) given above the first signal can
be delayed with a delay that 1s equal to half the difference of
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the first phase shiit at the second site and the second phase
shift at the first site. Since the delay according to equation (6)
given above may also assume negative values, it 1s 1n practice
more sensible to decide whether the first phase shift at the
second site or the second phase shiit at the first site 1s larger,
and to delay the signal accordingly, which 1s quicker.

It follows from this that 1f the first phase shift x, , at the
second site 1s larger than the second phase shift x, ; at the first
site, then the second signal 1s slower than the first signal or the
first signal 1s faster than the second signal. Conversely, 11 the
first phase shift x, , at the second site 1s smaller than the
second phase shift x, ; at the first site, then the first signal s
slower than the second signal or the second signal 1s faster
than the first si gnal Accordingly, 1t the first phase shift x, ,, at
the second site 1s larger than the second phase shift x, | at the
first site, then the first signal 1s delayed by half the difference
of the first phase shift x, , at the second site and the second
phase shift x, | at the first site, whereas 1t the first phase shift
X, - at the second site 1s smaller than the second phase shift
X, ; at the first site, the second signal 1s delayed by halt the
difference ot the second phase shift x, , at the first site and the
first phase shift x, , at the second site.

Accordingly, 1n one embodiment, 1t 1s possible to synchro-
nize the first and second signals even 11 only the second phase
shift 1s present or determined at the first site and only the first
phase shift 1s present or determined at the second site, because
as has already been described above, at the first site the first
phase shiit 1s by definition always 0 and at the second site the
second phase shift 1s by definition always 0, and accordingly
no additional information 1s provided.

If equation (1) and equation (2) are added, then the follow-
Ing equation 1s obtained:

(7)

Since 1f the error € 1s 1ignored, then according to equation
(4)1, 1sequalto 1, , therunming time T, , of the first signal
from the first site up to the second site via the first line and thus
the running time T, | of the second signal from the second site
up to the first site via the second line can be calculated as
follows:

x2,1+x1,2:_T2,,1_T1,,2

X12 +X21

(8)

=T =—

In another embodiment, according to the mmvention 1s
described hereinafter, the delay of the 1th site 1s determined
with the aid of the first and second phase shiits of this 1th site.
In this embodiment, 1t 1s assumed that the first signal at the
first site has been synchronized beforehand with the second
signal at the second site. Under this assumption and using
equation (4) and assuming that € can be 1gnored, a running
time difference At, between the second signal and the first
signal at the 1th site can be calculated with the aid of a running
time T ; of the first signal from the first site up to the 1ith site
according to the following equation:

&rf:(TQJ_TLf)_TLf 9)

This state of affairs 1s also 1llustrated in FIG. 6, in which the
ith site 1s 1dentified by a cross and a dotted line. The term
(1, ,-T, ;) denotes the running time T, ; ot the second signal
on the second line from the second site up to the ith site.

It equation (9) 1s solved for the running time T, ; ot the first
signal from the first site up to the ith site, the following
equation (10) 1s obtained:
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2

10
Ty = (10)

The running time difference At, between the first signal and
the second signal at the 1th site can, assuming that the two
signals are synchronized, as 1s described hereinbefore, also be
determined by the difference ot the first phase shift x
between the first signal and the 1th signal at the 1th site and the
second phase shift x, , between the second signal and the ith
signal at the 1th site, which results 1n the following equation

(11):
Al =X 122

(11)

If equation (11) 1s substituted 1n equation (10), then the
following equation 1s obtained:

(12)

If the running time T , 1s subtracted tfrom the first phase
shitt x, ; at the 1th site, a delay V, 1s obtained so as to synchro-
nize the 1th signal at the 1th site with the first signal at the first
site and thus with the second signal at the second site.

Ih1 — (X1
2

—X2;) (13)

Vi=Xx1; -

Thus, assuming that the first signal at the first site has been
synchronized with the second signal at the second site, an
individual delay can be determined for each signal by means
of equation (13), so that 1f each signal i1s delayed with the
individual delay calculated 1n this way, then all signals are
synchronized with one another. More accurately, the pulsing
with the individual delay ensures that the first signal at the
first site, each 1th signal at the corresponding ith site, and the
second signal at the second site are synchronized with one
another, (1.e., they exhibit their upward and downward slopes
at the same point 1n time).

In one embodiment, the signals are synchronized in an
advantageous manner with a method embodiment, regardless
of how the running time differences between the signals
arrive. This means that even 1 the signals are derived for
example from different (e.g., non-synchronized) sources or
have to traverse variously long paths up to the corresponding
site, the signals can be synchronised by the method embodi-
ment.

In one embodiment of an apparatus for the synchronization
of a digital circuit signals at a plurality of sites of the digital
circuit are synchronized. Expressed differently, the first sig-
nal at the first site of the digital circuit, the second signal at the
second site of the digital circuit and the 1th signal at the 1th site
of the digital circuit are synchronized with one another, as has
already been explained above 1n the description of the method
embodiment. One embodiment of an apparatus comprises at
the first site a detector device and at the second site Slmllarly
a detector device, and at the remaiming sites (ith sites) 1n each
case a {irst detector device and a second detector device. Each
of these detector devices 1s designed to determine a sign of a
phase shiit between two signals that are present at two mputs
ol the respective detector device. At the same time the signal
to be synchromized at the site at which the detector device 1s
arranged can be passed to each detector device. Moreover, at
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cach site the device comprises a delay device with which the
signal to be synchronized at this site can be delayed with a
corresponding individual delay. The device comprises a first
line and a second line. The first line runs from the first site up
to an input of the detector device at the second site, to which
1t 1s connected. In a similar manner, the second line runs from
the second site up to an input of the detector device of the first
site, to which 1t 1s connected. In this way at the first site the
signal to be synchronized there can be fed to the first line, and
at the second site the signal to be synchronized can be fed to
the second line at the second site. In addition the first line 1s in
cach case connected to an 1nput of the first detector device at
cach ith site, (i.e., each site apart from the first and second
sites). In a similar way, the second line 1s 1n each case con-
nected to an mput of the second detector device at each 1th
site, (1.e., each site up to the first and second sites).

Accordingly one apparatus embodiment 1s designed 1in
such a way that the first signal at the first site can be synchro-
nized with the second signal at the second site and with each
corresponding signal at the remaining sites, via, for example,
a method embodiment described above.

One embodiment of a digital circuit comprises an appara-
tus embodiment similar to as described above, for the syn-
chronization of a plurality of signals at a plurality of sites of
the digital circuait.

Delay devices are frequently already present in digital cir-
cuits, 1n order to be able to influence the running time of
signals. In this case, an apparatus according to embodiments
uses these delay devices or the digital circuit instead of its
own devices.

In order to synchronize the plurality of signals with one
another at the plurality of sites of the digital circuit, there are
two variants according to embodiments, for the apparatus
embodiment as well as for the digital circuit embodiment. In
the first variant the apparatus embodiment or the digital cir-
cuit embodiment includes a control that 1s designed so that 1t
executes one of the previously described embodiments of the
method for the synchronization of a digital circuit. In the
second variant, the apparatus embodiment or the digital cir-
cuit embodiment 1s designed so that the results of the detector
devices can be accessed externally (1.e., from outside the
apparatus or the digital circuit) and so that the delay devices
can be adjusted externally. In this second variant, a method
according to one embodiment for the synchronization outside
the apparatus or the digital circuit 1s for example implemented
for the synchronization of the plurality of signals, 1n which as
input for this method embodiment the corresponding output
values of the detector devices are used, and wherein the delay
devices of the apparatus or the digital circuit are then appro-
priately adjusted corresponding to the results of the method
embodiment, so that after this adjustment the plurality of
signals are synchronized with one another.

One embodiment of an automatic apparatus can synchro-
nize a digital circuit. This embodiment of an automatic appa-
ratus according to the invention 1s designed so that the signs of
the detector devices of the digital circuit can be supplied to 1t,
and so that 1t can drive the delay devices of the digital circuat.
The automatic apparatus 1s thus able to calculate the indi-
vidual delays for each signal and then to adjust these 1ndi-
vidual delays with the aid of the delay devices.

This automatic apparatus embodiment may in a simple
variant be designed 1n such a way that 1t successively deter-
mines the phase shiits at each site, which although it 1s more
time-1ntensive, nevertheless advantageously has only a sim-
pler configuration of the automatic apparatus embodiment. In
a more complicated variant, the automatic apparatus accord-
ing to one embodiment 1s designed so that 1t simultaneously
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determines the phase shifts at least two sites. This compli-
cated variant can overall determine the phase shifts at all sites
therefore more quickly than the simple variant. Similarly,
there 1s a simple variant of the automatic apparatus embodi-
ment 1n which the individual delays at each site are adjusted
in succession. In a more complicated variant at least two
individual delays are simultaneously adjusted. Whereas the
advantage of the simple variant 1s the cheaper design of the

automatic apparatus, the advantage of the more complicated
variant 1s the quicker adjustment of the individual delays and
thus a shorter length of time needed to carry out the synchro-
nization of the plurality of signals of the digital circuit.

Memory interfaces operating with a double data rate
(DDR) for example can be synchronized with embodiments.
These memory interfaces are used for example with fully
butifered dual-in-line storage modules (FBD). Embodiments
are not restricted to this area of application, since the mven-
tion can also be used for the synchronization of signals of any
arbitrary digital circuit. In one embodiment, the digital circuit
embodiment may for example be a microelectronic circuit or
an assembly comprising a plurality of microelectronic cir-
cuits.

Hereinafter, embodiments are described in more detail
with reference to the drawings.

FIG. 1 i1llustrates an apparatus 10 according to one embodi-
ment for the synchronization of five different signals 11-15 at
five different sites 1-5 within a digital circuit. In FIG. 1, the
reference numeral 29 denotes diagrammatically an individual
running time for each signal 11-15, which each signal 11-15
has when it reaches 1ts corresponding site 1-5 (although the
reference numeral 1s used for each signal path, each indi-
vidual running time has a different value). Knowledge of this
individual running time 1s unknown, since otherwise the syn-
chronization of the signals 11-15 would be trivial. A delay
device 21-25, with which each signal can be delayed with an
individual delay 1n order to synchronize the five signals 11-15
with one another, 1s associated with each signal 11-15. A
detector device 31, 32 1s 1n each case associated with the first
signal 11 and with the second signal 12, while a first detector
device and a second detector device, which however are 1den-
tified only jointly with a reference numeral 33-335, are asso-
ciated 1n each case with the remaining signals 3-5. A first line
41 connects the first signal 11 from the first site 1 to an input
of the detector device 31 of the first site 1, to an 1input of the 1in
each case first detector device of the third site 3, of the fourth
site 4 and of the fifth site 5, as well as to an input of the
detector device 32 of the second site 2. In a similar way, a
second line 42 connects the second signal 12 from the second
site 2 to an input of the detector device 32 of the second site 2,
to an 1nput of the 1n each case second detector device of the
fifth site 5, of the fourth site 4, and of the third site 3, as well
as to an mnput of the detector device 31 of the first site 1. The
running time that the first signal 11 takes from the first site 1
up to the mput of the detector device of the second site 2 1s
denoted by T, ., and the running time that the second signal
12 takes from the second site 2 up to the mput of the detector
device 31 of the first site 1 1s denoted by T, ;. In this embodi-
ment, it 1s assumed that the running time T, , 15 equal to the
running time T, ;, since the first line 41 runs directly next to
the second line 42, so that signals which run on these two lines
41, 42 exhibit virtually no running time differences. Since 1n
one embodiment, the two lines 41, 42 run as closely as pos-
sible next to one another, this ensures that manufacturing
process fluctuations that affect specific regions of the digital
circuit differently with regards to the running time affect both
lines 41, 42 1n the same way.
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FIG. 2 1llustrates two D tlip-tlops 31, 32, which are the
detector devices at the first site 1 and at the second site 2 with
which a phase shiit between the first signal 11 and the second
signal 12 1s determined. FIG. 2qa illustrates the D tlip-tlop 31
at the first site 1, to which flip-flop 1s fed the second signal 12/
at the D mput and the first signal 11 at the clock mput, and
which determines the sign Vz, | of the phase shitt between the
first signal 11 and the second signal 12 at the first site 1, the
sigh Vz, | being positive it an upward slope of the second
signal 12 reaches the corresponding input of the D tlip-tlop 31
before an upward slope of the first signal 11 (1f the second
signal 12 1s “quicker” than the first signal 11), as 1s illustrated
in FIG. 3a.

FI1G. 25 1llustrates the D tlip-tlop 32 of the second site 2, to
which 1s fed the first signal 11 at the D input and the second
signal 12 at the clock input, and which determines the sign
Vz, , of the phase shift between the first signal 11 and the
second signal 12 at the second site 2. The signVz, , 1s positive
iI an upward slope of the first signal 11 reaches the corre-
sponding input of the D tlip-tlop 32 before an upward slope of
the second signal 12 (if'the first signal 11 1s “quicker” than the
second signal 12). The sign Vz, , and Vz, | ot the phase shitt
1s indicated 1n FIG. 2 1n such a way that the first index denotes
the site 1 or 2 of the digital circuit from which a first com-
parison signal 11 or 12 arrives, and the second 1ndex indicates
the site 2 or 1 of the digital circuit at which the corresponding,
D tlip-flop 32 or 31 1s located, a second comparison signal 22
or 21 being associated with this site 2 or 1.

As has already been mentioned above, FIG. 3a illustrates
the case where an upward slope of the second signal 12
reaches the D tlip-tflop 31 at the first site 1 before an upward
slope of the first signal 11, so that with the upward slope of the
first signal 11, which 1s present at the clock input of the D
tlip-flop 31, the digital value 1 which the second signal 12
adopts at this point in time, 1s loaded into the D tlip-tlop 31.
This means, 1n the case of the signal progression i1llustrated 1n
FIG. 3a, that Vz, | 1s positive and the phase shitt x, ; has a
positive value.

Conversely, FIG. 3b illustrates the situation at a point in
time when the first signal 11 exhibats its upward slope and the
second signal 12 has the digital value 0, so that 1n each case
the digital value 0 at each upward slope of the first signal 11
1s loaded 1nto the D tlip-tlop 31, with the result that the output
of the D tlip-tlop 31 and thus the sign of the phase shiit
between the first signal 11 and the second signal 12 at the first
site 1 has the digital value 0. This means that in the case of the
signal progressionillustrated in FI1G. 35 that Vz, | 1s negative,
and that the phase shitt x, | has a negative value.

The determination of the phase shitt x, ; between the first
signal 11 and the second signal 12 at the first site 1 now takes
place as follows. Initially, the individual delay V, 1s adjusted
with the aid of the delay device 21 to an 1nmitial value. It 1s then
checked whether the output of the D flip-flop 31 and thus the
sign Vz, , 1s positive or negative. It the sign 1s positive, (1.e.,
the second signal 12 1s faster than the first signal 11), the
individual delay V, 1s reduced by a predetermined duration
and each time the output of the D flip-tlop 31 1s re-evaluated,
until the sign 1s negative or changes. If the sign 1s negative
directly after the 1nitial step, (1.¢., the first signal 11 1s quicker
than the second signal 12), the individual delay 1s raised
stepwise by the predetermined duration and each time the
output of the D tlip-flop 31 1s re-evaluated, until the sign 1s
positive or changes. The arithmetic product of the predeter-
mined duration and the number of steps that were necessary
until a change of sign occurred indicates the amount of the
phase shift between the first signal 11 and the second signal
12 at the first site 1, in which connection the sign of the phase
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shift 1s determined by whether the output of the D flip-tlop 31
in the case where the individual delay was adjusted to the
initial value, was O or 1. In the same way the phase shiit
between the first signal 11 and the second signal 12 at the
second site 2 1s determined with the aid of the D tlip-tlop 32
by a corresponding stepwise increase or reduction of the
individual delay V, that 1s adjusted at the delay device 22 of
the second site 2.

The phase shiit between the first signal 11 at the first site 1
and the second signal 12 at the second site 2 1s then deter-
mined with the aid of equation (6) and correspondingly the
individual delay V, 1s adjusted with the aid of the delay device
21 and/or the individual delay V, 1s adjusted with the aid of
the delay device 22, 1n such a way that the first signal 11 at the
first site 1 1s synchronized with the second signal 12 at the
second site 2.

For the synchronization a signal (1n this case the first signal
11 at the first site 1 or the second signal 12 at the second site
2) 1s not explicitly delayed by a specific time, but instead the
signal 1s delayed corresponding to fractions of a clock period
of this signal. It 1s therefore, in one embodiment, advanta-
geous to operate with a predetermined fraction of this clock
period instead of with the predetermined duration. In this case
the individual delay 1s then likewise determined with frac-
tions of the clock period and 1s increased or reduced by the
predetermined fraction and each time the output of the D
tlip-tlop 1s re-evaluated, until the sign changes. The advantage
1s that the individual delay then already has the corresponding
fraction of the clock period, which means that no conversion
from an absolute time, which 1s given for example 1n the time
unit ps, to the fraction of the clock period has to be carried out.

FI1G. 4a 1llustrates the phase progression of the first signal
11 and of the second signal 12 before a synchronization. In
this case the first signal 11 at the first site 1 1s 350 ps faster than
the second signal 12 at the second site 2. The running time of
the first signal 11 from the first site 1 via the first line 41 up to
the clock mnput of the D flip-flop 32 15 400 ps and corresponds
to the runming time of the second signal 12 from the second
site 2 via the second line 42 up to the clock mput of the D
flip-flop 31. The predetermined duration 1s i1n this case
adjusted to 100 ps. Under these preconditions the phase shiit
between the first signal 11 at the first site 1 and the second
signal 12 at the second site 2 can be set at 350 ps, so that the
phase progression of the first signal 11 at the first site 1 and of
the second signal 12 at the second site 2 after a synchroniza-
tion according to an embodiment are synchronized with one
another, as 1s 1llustrated 1n FIG. 45.

Of course, the fact that in the example 1llustrated 1n FIGS.
da and 45 the residual error amounts to 0 ps 1s accidental (and
due to the quantities chosen for this example). In general, the
residual error 1s at most half as large as a step width or the
predetermined duration.

FIG. 5 illustrates 1in detail a phase detector apparatus 33 of
the third site 3, which corresponds to the phase detector
apparatus 34 at the fourth site 4 and the phase detector appa-
ratus 35 at the fifth site 5. The phase detector apparatus 33
includes a first D tlip-tlop 133, to which 1s fed the first signal
11 at the data input and a third signal 13 at the clock input, and
a second D flip-flop 233, to which 1s fed the second signal 12
at the data input and the third signal 13 at the clock input. The
first D flip-flop 133 then determines whether the phase shiit
between the first signal 11 and the third signal 13 at the third
site 3 1s positive or negative, and the second D flip-tlop 233
determines whether the phase shiit between the second signal
12 and the third signal 13 at the third site 3 1s positive or
negative. The third signal 13 corresponds 1n this case to the
signal to be synchronized at the third site 3. The sign Vz, ; or
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Vz, 518 positive if the output of the D tlip-tlop 123 or of the D
tlip-tflop 233 adopts the digital value 1, otherwise it 1s nega-
tive.

The procedure for determining a first phase shift x, ;
between the first signal 11 and the third signal 13 at the third
site 3 as well as a second phase shift x, , between the second
signal 12 and the third signal 13 at the third site 3 corresponds
to the procedure for determining the phase shift x, | between
the first signal 11 and the second signal 12 at the first site 1,
which has been described above. An 1mitialization value for
the individual delay V, 1s initially adjusted in a first step via
the delay device 23, and 1t 1s determined via the output of the
first D thip-tlop 133 whether the sign of the phase shiit
between the first signal 11 and the third signal 13 1s positive or
negative. Depending on the sign, the individual delay V, 1s
increased or reduced with the aid of the delay device 23 by the
predetermined duration, until the sign of the phase shiit
changes its value. The arithmetic product of the predeter-
mined duration and the frequency with which the individual
delay had to be increased or reduced until the change 1n sign
occurred, gives the value of the phase shift between the first
signal 11 and the third signal 13 at the third site 3. In thas
connection the sign of this phase shift 1s obtained from the
sign before the change in sign. In the same way, the phase shift
X, 5 between the second signal 12 and the third signal 13 at the
third site 3 1s determined with the aid of the second D flip-tlop
233, the individual delay likewise being predetermined by the
delay device 23. In other words, with this modification 1t 1s not
possible to determine simultaneously the phase shift between
the first signal 11 and the third signal 13 at the third site 3, and
the phase shift between the second signal 12 and the thlrd
signal 13 at the third site 3, since the delay device 23 1s used
in each case 1n order to determine these two phase shifts.

In the apparatus of FIG. 1 the phase shift x, , between the
first signal 11 and the fourth signal 14 at the fourth site 4, the
phase shift x, , ofthe second signal 12 and ot the tourth signal
14 at the fourth site 4, the phase shift x, 5 of the first signal 11
and of the fifth signal 15 at the fifth site 5, and the phase shait
X, 5 between the second signal 12 and the fitth signal 15 at the

fifth site § are determined 1n the same way.

By using equation (13) given above, the individual delay
V.(i€{2,3,4}) for each signal at the corresponding site can be
determined trom the first phase shift x, ; and the second phase
shitt x, ; as well as from a knowledge of the running time T, |
(equal to the running time T, , ) (for the calculation of T, , and
T, ,, see equation (8)). If this individual delay V, for each
signal 1s adjusted with the aid of the respective delay device
23-25, the first signal 11 at the first site 1, the second signal 12
at the second site 2, the third signal 13 at the third site 3, the
tourth signal 14 at the fourth site 4 and the fifth signal 15 at the

fifth site 5 are synchronized with one another.

FI1G. 7a 1llustrates the five signals 11-15 before the syn-
chronization. In this case, the first signal 1 1s 50 ps slower than
the fourth signal 14, whereas the third signal 13 1s 500 ps
faster, the fifth signal 15 1s 1000 ps faster and the second
signal 12 1s 300 ps faster than the fourth signal 14. The
running time T, , of the first signal 11 from the first site 1 up
to the second site 2 1s 400 ps and the running time T, ; of the
second signal 12 from the second site 2 up to the first site 1 1s
320 ps, which means that a running time error 1s intentionally
assumed, since normally a difference between the running
time T, , and the running time T, , 1s at least significantly
smaller. Again, a step size of 100 ps was used as the prede-
termined duration for reducing or increasing the individual
delay in order to determine the first phase shiftx, ; and second
phase shift x, , at the respective site 1-5.
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The results of a synchronization under these preconditions
are given for the five signals 11-15 1n FIG. 75. It can be seen
that although the signals are not optimally synchromzed,
nevertheless they are significantly better synchromized com-
pared to the phase progressions illustrated in FIG. 7a.

The quality of a synchronization according one embodi-
ment depends decisively on the accuracy with which an indi-
vidual delay can be adjusted by means of the delay devices
21-25. The more accurately an individual delay can be
adjusted, the smaller need be the predetermined duration and
a step width for determining a phase shift, and the more
accurately can the phase shiit be determined and finally also
the more accurately can a determined phase shiit be corrected
by the adjustment of an individual delay V..

In order to avoid ambiguities in the synchronization
according embodiments, the method should typically only be
used 1 the determined phase shiits are less than a quarter of a
clock period length of the signals 11-15 to be synchronized.
In other words, a digital circuit in which the method accord-
ing to embodiments finds a maximum phase shift between
two signals 11-15 to be synchronized that 1s greater than a
quarter of the clock period length of these signals 11-15,
should be regarded as defective. The method according to
embodiments can thus be used as a test method for determin-
ing defective digital circuits.

One embodiment of an apparatus 20 for synchronizing a
plurality of signals within a digital circuit 1s illustrated in FIG.
8. For the sake of simplicity, compared to the apparatus 10
illustrated in FIG. 1, 1n the apparatus 20 of FIG. 8 only three
signals 11-13 at three different sites 1-3 are synchronized.
The assembly otherwise corresponds, apart from the differ-
ences discussed below, to the assembly of the apparatus 10 1n
FIG. 1, and accordingly is not repeated here.

The essential difference between the apparatus 20 and the
apparatus 10 1s that the apparatus 20 of FIG. 8 1n addition
includes a control unit 6, with which the three signals 1-3 can
be synchronized. Also, the control unit 6 1s able to adjust the
individual delay with the aid of the delay devices 21-23 and
can evaluate the outputs of the D tlip-tlops of the detector
devices 31-33, since the control unit 6 at the mput side 1s
connected to their outputs. The control unit 6 1s thus able to
determine the first phase shitt x, , and the second phase shift
X, ;atan arbitrary site 1-3, by adjusting the individual delay V,
at this site via the respective corresponding delay device
21-23 and increasing or reducing the delay stepwise, in which
connection 1t monitors 1n each case the corresponding output
of the D thip-flop until a change 1n sign occurs. After the
control unit 6 has calculated the first phase shift x, ; and the
second phase shitt x, , at each site (as has already been men-
tioned several times before, at the first site 1 only the second
phase shittx, ,and at the second site 2 only the first phase shift
X, , are calculated), the control unit 6 can determine there-
from the individual delays V., which are adjusted with the aid
of the respective delay device 21-23, so that the three signals
11-13 are then synchronized.

FIG. 9 illustrates a digital circuit 30 according to one
embodiment, which includes the apparatus 10 1llustrated 1n
FIG. 1. Since the apparatus 10 has no control unit for carrying
out the synchronization process itsell according to embodi-
ments, the outputs of the D tlip-tflops of the phase detector
devices 31-35 and the mputs for adjusting the five delay
devices 21-235 are accessible from outside, as indicated by the
reference numerals 38 and 39. It 1s not necessary to have five
and eight mput connections and output connections respec-
tively for the digital circuit 30. FIG. 9 1s only mntended to
illustrate that the outputs of the D thp-flops of the phase
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detector devices 31-35 (see FIG. 1) can be accessed externally
and that the delay devices 21-25 (see FI1G. 1) can be adjusted
externally.

FIG. 10 illustrates an automatic apparatus according to one
embodiment, with which a plurality of digital circuits 30
according to embodiments can be operated 1n such a way that
within each of these digital circuits 30 a plurality of signals
can be synchronmized at different sites with the method accord-
ing embodiments. In other words, the automatic apparatus 50
according to embodiments 1s designed so that 1t determines,
via a corresponding adjustment of the delay devices 21-235 (in
FIG. 1) and a corresponding evaluation of the detector
devices 31-35 (in FIG. 1), an individual delay V, for each
signal 11-13 to be synchronized (1n FIG. 1), so that when the
respective delay devices 21-235 (1n FIG. 1) are adjusted to the
respective individual delay V , the signals 11-15 (1n FIG. 1) to
be synchronized are synchronized with one another.

In one embodiment the automatic apparatus 50 1s 1n addi-
tion designed to test the digital circuits 30. In this case, the
automatic apparatus 50 could check whether the phase shiit
between two signals 11-15 (1in FIG. 1) to be synchronized lies
above a predetermined threshold value, and whether a digital
circuit 30 should be regarded as defective, 11 this 1s the case.

Although specific embodiments have been illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that a vanety of alternate and/or equivalent
implementations may be substituted for the specific embodi-
ments 1llustrated and described without departing from the
scope of the present invention. This application 1s intended to
cover any adaptations or variations of the specific embodi-
ments discussed herein. Therefore, it 1s intended that this
invention be limited only by the claims and the equivalents
thereol.

What 1s claimed 1s:

1. A method of synchronization of a digital circuit, the
method comprising:

selecting a first site and a second site from a plurality of

different sites of the digital circuit where a signal to be
synchronized occurs;

passing a first signal, which 1s the signal to be synchronized

of the first site, via a first line that starts at the first site,
ends at the second site, and contacts each of the sites just
once, to the second site:

passing a second signal, which 1s the signal to be synchro-

nized of the second site, via a second line that starts at the
second site, ends at the first site, and contacts each of the
sites just once, to the first site;
determining, for each site, a first phase shift between the
signal to be synchronized of this site and the first signal,
and a second phase shift between the signal to be syn-
chronized of this site and the second signal; and

determining, from the first and second phase shiits of each
site, a delay for each site, with which the signal to be
synchronized of the respective site 1s delayed for the
synchronization.

2. The method according to claim 1, wherein a runming,
time of the first signal from the first site to the second site 1s
equal to a running time of the second signal from the second
site to the first site.

3. The method according to claim 1, comprising:

synchronizing the first signal at the first site with the second

signal at the second site by determining only the second
phase shittx, ; atthe first site and the first phase shift x, ,
at the second site, and wherein for the synchronization of
the first signal and the second signal, if X, ,>X, ,, the
second signal at the first site 1s delayed by
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X21 —A12

and wherein, 1f X, <X, ,, the first signal at the second site 1s
delayed by

X1,2 —A2,1

4. The method according to claim 1, comprising:

determining a running time T, , of the first signal from the
first site up to the second site, which essentially also
corresponds to a running time T, ; of the second signal
from the second site up to the first site, by measuring
only the second phase shift x, ; at the first site and the
first phase shift x, , at the second site, and wherein:

X211 +X12

No=17) =—

5. The method according to claim 4, comprising:

determining the delay V, of the 1th site by the following
formula:

Iio—(x0; —Xx15)

V, =
1 2

where T , 1s the running time of the first signal from the first
site up to the second site, X, ; 1s the first phase shitt of the ith
site and X, 1s the second phase shift of the ith site, and
wherein 1t 1s assumed that the first signal from the first site 1s
synchronized with the second signal from the second site.

6. The method according to claim 1, comprising:

determining at least one phase shift between two signals 1n
such a way that a delay with which one of the two signals
1s delayed 1s altered stepwise 1n one direction until a
change of sign of a phase shift having regard to the delay
occurs, wherein the delay determined 1n this way corre-
sponds to the phase shift between the two signals.

7. The method according to claim 6, wherein the delay 1s
altered stepwise by a predetermined fraction of a clock period
of the signals.

8. A method of synchromization of a digital circuit, the
method comprising:
providing a first signal at a first site of the digital circuait;
providing a second signal at a second site of the digital
circuit;
passing the first signal via a first line that starts at the first
site and ends at the second site:

passing the second signal via a second line that starts at the
second site and ends at the first site;

determiming, for the second site, a first phase shift between
the second signal and the first signal;

determiming, for the first site, a second phase shift between
the first signal and the second signal; and

wherein for the synchronization of the first signal and the
second signal, 1f X, ;>X, ,, the second signal at the first
site 1s delayed by
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X21 —A12

and wherein, 1f X, ;<X ,, the first signal at the second site is
delayed by

X1,2 —A2,1

9. An apparatus configured to synchronize a digital circuit,
in which 1n the synchronization a plurality of sites of the
digital circuit are to be synchronized with regards to their
signals that occur at these sites, the apparatus comprising:

detector devices, each detector device configured to recog-
nize a sign ol a phase shift between two signals present
at their inputs, wherein a first site and at a second site of
the plurality of sites 1n each case contain one of the
detector devices and the remaining sites in each case
contain a first detector device and a second detector
device

one delay device per site, with which the signal to be
synchronized at this site can be delayed with an 1ndi-
vidual delay;

a first line to which a signal to be synchronized at the first
site can be fed at the first site, which first line 1s 1n each
case connected to an input of the first detector device of
the remaining sites and which 1s connected to an input of
the detector device at the second site; and

a second line to which a signal to be synchronized at the
second site can be fed at the second site, which second
line 1s 1n each case connected to an 1mput of the second
detector device of the remaining sites and which 1s con-
nected to an mput of the detector device of the first site;
and

wherein a signal to be synchronized at the corresponding
site can be fed to 1n each case a further mput of each
detector device.

10. The apparatus according to claim 9, wherein the appa-
ratus 1s configured such that the first line and the second line

run with a mimmum possible interspacing between one
another.

11. The apparatus according to claim 9, wherein each
detector device 1n each case comprises:

a tlip-flop for determining the sign of the phase shift of the
respective two signals, wherein one of the respective two
signals 1s fed to a data input and the other signal 1s fed to
a clock input of the flip-tlop.

12. The apparatus according to claim 9, wherein the appa-
ratus comprises:

a control unit configured to determine for each detector
device a phase shiit of signals present at their inputs, and
wherein on the basis of these phase shifts each delay
device 1s adjusted 1n such a way that the signals to be
synchronized are synchronized.

13. The apparatus according to claim 9, wherein the appa-
ratus 1s configured to determine the phase shift of signals
present at the inputs of one of the detector devices, 1t changes
the individual delay stepwise in one direction starting from an
initial delay, until the sign of the phase shift with respect to the
individual delay changes, and wherein the individual delay
that 1s present at the time of this change of sign 1s the phase
shift to be determined.

10

15

20

25

30

35

40

45

50

55

60

65

16

14. The apparatus according to claim 9, wherein the appa-
ratus 1s configured to changes the individual delay stepwise
by a predetermined fraction of a clock period of the signals.

15. A digital circuit comprising:
an apparatus configured to synchronize a digital circuit, 1n
which 1n the synchronization a plurality of sites of the
digital circuit are to be synchronized with regards to
their signals that occur at these sites, the apparatus com-
prising;:
detector devices, each detector device configured to rec-
ognize a sign ol a phase shift between two signals
present at their inputs, wherein a first site and at a
second site ol the plurality of sites 1n each case contain
one of the detector devices and the remaining sites 1n

cach case contain a first detector device and a second
detector device

one delay device per site, with which the signal to be
synchronized at this site can be delayed with an 1ndi-
vidual delay;

a first line to which a signal to be synchronized at the first
site can be fed at the first site, which first line 1s in each
case connected to an mput of the first detector device
of the remaining sites and which 1s connected to an
input of the detector device at the second site; and

a second line to which a signal to be synchronized at the
second site can be fed at the second site, which second
line 1s 1n each case connected to an input of the second
detector device of the remaining sites and which 1s
connected to an input of the detector device of the first
site; and

wherein a signal to be synchronized at the corresponding
site can be fed to 1in each case a further input of each
detector device;

wherein the signals to be synchronized of the digital circuit
are fed to the input side of the detector devices.

16. The digital circuit according to claim 15, wherein the
digital circuit 1s configured such that, for each detector
device, a sign of a phase shiit 1s accessible from outside the
digital circuit, and that the individual delay can be adjusted
from outside the digital circuat.

17. An automatic apparatus for the synchronization of a
digital circuit, the automatic apparatus comprising:

a plurality of sites of the digital circuit to be synchronized
with respect to their signals that occur at these sites

means for determiming for each of a plurality of detector
devices a phase shiit of signals present at the inputs of
the respective detector device, and wherein on the basis
of these phase shifts the means calculates and adjusts the

individual delay for each of a plurality of delay devices
in such a way that signals to be synchronized are syn-
chronized.

18. The automatic apparatus according to claim 17, com-
prising:

means for determining the phase shifts successively.

19. The automatic apparatus according to claim 17, com-
prising:

means for determining at least two phase shifts simulta-

neously.

20. The automatic apparatus according to claim 17, com-
prising:

means for adjusting the individual delays successively.
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21. The automatic apparatus according to claim 17, com- the time of this change of sign as the phase shiit of this
prising: detector device to be determined.
means for adjusting at least two individual delays simulta- 23. The automatic apparatus according to claim 17, com-
neously. prisiig.

5 means for determining for each detector device a phase
shift of signals present at the mputs of the respective
detector device, and that on the basis of these phase
shifts it determines whether the digital circuit 1s defec-
tive or not.

24. The automatic apparatus according to claim 23,
wherein means determines the digital circuit as defective, if 1t
detects a phase shift which 1s greater than a quarter of a clock
period length of the signals.

22. The automatic apparatus according to claim 17, com-
prising:

means for determining the phase shift of signals present at
the mputs of one of the detector devices, and changing
tor at least one detector device the individual delay .,
which 1s associated with the site of the detector device
stepwise 1n one direction until the automatic apparatus
recognizes that the sign of the phase shiit with regard to

the individual delay changes, and that the automatic
apparatus recognizes the individual delay that exists at % % k%
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